This study aimed to fit different mathematical models to the experimental data on drying of baru fruits (Dipteryx alata Vogel), determine and assess the effective diffusion coefficient, as well as obtain the activation energy and thermodynamic properties for the drying process under different air temperature conditions. Baru fruits with an initial moisture content of 0.429 ± 0.044 (dry basis, db) were dried in a forced air ventilation oven under four temperature conditions (40, 60, 80, and 100 °C) until reaching a moisture content of 0.065 ± 0.018 (decimal db). These data were fitted to mathematical models frequently used to represent the drying of vegetal products. The Logarithmic model presented the best fit to describe the phenomenon. The effective diffusion coefficient increased as temperature increased, being described by the Arrhenius equation, with an activation energy of 37.64 kJ mol −1 . Enthalpy and entropy decreased, while Gibbs free energy increased as drying temperature increased.
INTRODUCTION
Baru (Dipteryx alata Vogel) belongs to the Fabaceae family, occurring in the most fertile soils of Cerrado. This tree species can reach more than 15 meters in height and presents an erect stem and smooth branches (Correa et al., 2008) . Its fruits have pulp and almonds used for human consumption.
Among the post-harvest processes used to maintain the quality of agricultural products, drying stands out as a way of reducing biological activity and minimizing losses in fruit quality during storage. Conditions and methods adopted for drying should be adjusted to the characteristics of each agricultural product . Thus, obtaining theoretical information on drying of baru fruits is relevant.
Drying is an essential process in the technology used for the production of high-quality fruits as it allows reducing the moisture content at adequate levels of storage, preserving their physical and chemical characteristics. Thus, it is possible to maintain a good quality of fruits (pulp and almonds) during storage, allowing harvests close to the physiological maturity.
The study of drying process provides information on the characteristics of energy and mass transfer between fruit and air. In this sense, numerous studies have been developed aiming at identifying the characteristics of several agricultural products during drying such as crambe fruits (Costa et al., 2015) , jagua leaves , bonnet pepper (Rodovalho et al., 2015) , and 'Cabacinha' pepper fruits .
Considering the importance of the theoretical study of drying process of plant products, this study aimed to fit different mathematical models to the experimental data of on drying of baru fruits, determine and assess the effective diffusion coefficient, as well as obtain the activation energy and thermodynamic properties for this process during drying under different air conditions.
MATERIAL AND METHODS
The experiment was carried out at the Laboratory of Post-Harvest of Plant Products of the Federal Institute of Education, Science, and Technology of Goiás, campus of Rio Verde, GO, Brazil. Fruits of baru (D. alata Vogel) were manually collected in Santa Helena de Goiás (GO) and presented an initial moisture content of 0.429 ± 0.044 dry basis (decimal, dry basis, db).
These fruits were submitted to a forced air ventilation oven under four temperature conditions (40, 60, 80 , and 100 °C), which promoted average relative moistures of 25.1, 12.2, 5.3, and 1.7%, respectively. For conducting the experiment, moisture contents were obtained by forced-air drying with an airflow of 0.3313 m s −1 . Drying continued until the fruits reached a moisture content of 0.065 ± 0.018 (decimal db), determined in an oven at 105 ± 3 °C for 24 h (Brasil, 2009 ). The experimental design was a completely randomized design with three replications in 1 kg portions per drying temperature with a layer height of approximately 5 cm. The reduction in moisture content during drying process was estimated by the gravimetric method (loss of mass), starting from the initial moisture content, considering the reduction in fruit mass measured with a 0.01 g precision scale. Weighings were initially performed every 15 minutes and, subsequently, these periods were progressively increased.
Drying air temperature and the relative humidity and ambient temperature were monitored by means of a thermohygrometer located inside and outside the dryer. The relative humidity inside the oven was obtained by means of basic principles of psychrometry by using the software GRAPSI.
Moisture content ratios of baru fruits during drying were determined as the following expression:
where, RX is the moisture content ratio of the product (dimensionless);
X it the moisture content in the product (db);
Xi is the initial moisture content in the product (db), and
Xe is the equilibrium moisture content in the product (db).
To obtain the equilibrium moisture content of baru fruits at each drying temperature, the modified Halsey model was used, as indicated by [eq. (2) 
Henderson and Pabis (10)
t: drying time; h; k, ko, and k1: drying constants (h −1 ); and a, b, c, and n: model parameters.
Mathematical models were fitted by means of nonlinear regression analysis using the Gauss-Newton method and, for the degree of fit, the magnitudes of the coefficient of determination (R 2 ), chi-square test (χ 2 ), mean relative error (P), and the estimated mean error (SE) were considered as follows:
where, Y is the experimental value; Ŷ is the value estimated by the model; n is the number of experimental observations, and DF is the degree of freedom of the model (number of observations minus the number of model parameters).
Net diffusion was described by the geometric shape model of an infinite cylinder with an approximation of eight terms, according to the following expression: Fruit volume (Vf) was obtained by measuring the three orthogonal axes (length, width, and thickness) in fifteen fruits at the end of drying process using a digital caliper with a precision of 0.01 mm and calculated according to the following expression:
where, A is the length (m); B is the width (m), and C is the thickness (m).
The relationship between the effective diffusion coefficient and the rising of the drying air temperature was described by the Arrhenius equation. ), and
Tabs is the absolute temperature (K).
The thermodynamic properties of the drying process of baru fruit were obtained by the method described by Jideani & Mpotokwana (2009) ).
RESULTS AND DISCUSSION
The time required for the fruits to reach a moisture content of 0.065 ± 0.018 (db) was 266.3, 166.9, 30.8, and 22.8 h for the drying temperatures 40, 60, 80, and 100 °C, respectively, hence an increase in air temperature promotes a reduction in the drying time of fruits (Figure 1 ). The value of moisture content ratio decreased abruptly as drying temperature increased (Figure 1 ). In addition, as drying air temperature increased, a higher product water removal rate was observed, as reported in several studies for different plant products (Ferreira et al., 2012; Santos et al., 2013; Baptestini et al., 2016; Galdino et al., 2016) . Table 2 shows the values of the chi-square test and estimated mean error (SE) obtained for the different models fitted to the drying curves of baru fruits. All analyzed models presented adequate chi-square values. In general, the Thompson, Page, Midilli, logarithmic, two terms, and diffusion approximation models presented the lowest Chi-square values. Regarding SE, all models presented reduced values, being adequate for a good fit of models to the experimental data. Table 3 shows the coefficients of determination (R 2 ) and relative mean error (P) for comparison between the analyzed models. Mathematical models presented high coefficients of determination, except the model Wang and Singh. Models with high coefficients of determination indicate a satisfactory representation for the drying process. The models with the highest coefficients of determination were Thompson, Page, Midilli, logarithmic, exponential of two terms, two terms, and diffusion approximation, regardless of the temperature.
Only the models Thompson, Midilli, logarithmic, two terms, and diffusion approximation presented relative mean error (P) values for all temperatures below 10%. In this sense, according to Mohapatra & Rao (2005) , for the models to represent the drying phenomenon properly, a relative mean error below 10% is necessary. Thus, these models are the most suitable to represent the drying of baru fruits. Table 4 shows the values of the parameters of the models Thompson, Midilli, logarithmic, two terms, and diffusion approximation fitted to the experimental data of drying kinetics of baru fruits at different temperatures. These models presented estimated mean error values below 10%, being the most adequate to represent the drying process of baru fruits.
Only the logarithmic model presented all parameters with significant values by the t-test. Thus, the logarithmic model was selected to represent the drying phenomenon of baru fruits. In addition, the magnitudes of the drying constant k and the parameter a increased as the drying air temperature increased (Table 4) . On the other hand, the parameter c did not show a clear trend with an increased temperature. The effective diffusion coefficient of baru fruits increased linearly as drying air temperature increased and its dependence was represented by the Ahrrenius expression ( Figures 3A and 3B ), in accordance with the results found in other studies on coffee (Isquierdo et al., 2013) , crambe fruits (Costa et al., 2015) , and grains of bonnet pepper (Rodovalho et al., 2015) . Water diffusivity depends on drying air temperature, i.e. the higher the drying air temperature is the lower the fruit resistance to water removal, increasing diffusivity. Effective diffusion coefficients of baru fruits showed magnitudes between 1.20 × 10 −10 to 11.93 × 10 −10 m 2 s −1
. Costa et al. (2015) found similar values for crambe fruits, with values of 2.84 × 10 −10 and 9.14 × 10 −11 m 2 s −1 for temperatures of 35 and 90 °C, respectively. The activation energy for the drying phenomenon of baru fruits was 37.64 kJ mol −1 for the studied temperature range. Table 5 shows that as drying temperature increased, enthalpy and entropy decreased, while Gibbs free energy increased. Enthalpy is related to the energy required to remove the water bound to the dry matter during the drying process. Thus, enthalpy is reduced as drying temperature decreased. The lowest enthalpy value at lower temperatures means a higher amount of energy required to promote the drying of baru fruits. The enthalpy behavior for baru fruits is similar to the findings obtained by Rodovalho et al. (2015) and for bonnet pepper grains and jabuticaba bark, respectively. Entropy decreased as drying air temperature increased, a similar behavior to the drying of other products such as seeds of Vigna subterranea (L.) Verdc. (Jideani & Mpotokwana, 2009 ) and 'Cabacinha' pepper fruits . Gibbs free energy was positive and increased as drying temperature increased. Gibbs free energy is related to the work required to make the sorption sites available, and its positive value indicates an endergonic reaction, in which the addition of energy to the air is necessary for drying of the product (Nkolo Meze'e et al., 2008) . Silva et al. (2014) , Rodovalho et al. (2015) , and also reported this behavior.
CONCLUSIONS
Drying time decreases as temperature increases, with a value of 266.3 hours for a temperature of 40 °C and 22.8 hours for a temperature of 100 °C.
The models of Thompson, Midilli, logarithmic, two terms, and diffusion approximation are adequate to represent the drying of baru fruits, with the logarithmic model selected to represent the drying phenomenon.
The effective diffusion coefficient increases as temperature increases, being described by the Arrhenius equation, with an activation energy of 37.64 kJ mol −1 . Enthalpy and entropy decrease, while the Gibbs free energy increases as drying temperature increases.
